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ABSTRACT
Mith (mithramycin) forms a 2:1 stoichiometry drug–
metal complex through the chelation with Fe(II) ion
as studied using circular dichroism spectroscopy.
The binding affinity between Mith and Fe(II) is much
greater than other divalent metal ions, including
Mg(II), Zn(II), Co(II), Ni(II) and Mn(II). The [(Mith)2–
Fe(II)]complexbindstoDNAandinducesaconforma-
tional change of DNA. Kinetic analysis of surface
plasmon resonance studies revealed that the
[(Mith)2–Fe(II)] complex binds to DNA duplex with
higheraffinitycomparedwiththe[(Mith)2–Mg(II)]com-
plex. A molecular model of the Mith-DNA–Metal(II)
complex is presented. DNA-break assay showed
that the [(Mith)2–Fe(II)] complex was capable of pro-
moting the one-strand cleavage of plasmid DNA in
the presence of hydrogen peroxide. Intracellular
Fe(II) assays and fluorescence microscopy studies
using K562 indicated that this dimer complex main-
tains its structural integrity and permeates into the
inside of K562 cells, respectively. The [(Mith)2–
Fe(II)] complex exhibited higher cytotoxicity than
the drug alone in some cancer cell lines, probably
related to its higher DNA-binding and cleavage activ-
ity. Evidences obtained in this study suggest that the
biological effects caused by the [(Mith)2–Fe(II)]
complex may be further explored in the future.
INTRODUCTION
The anticancer antibiotic mithramycin (plicamycin1) (Mith)
belongs to the aureolic family isolated from Streptomyces
griseus (1). Mith contains ﬁve sugar rings by using sugar
residues A and C connected to an aglycon chromophore via
O-glycosidic bonds, with the A–B disaccharide on one side
and C–D–E trisaccharide on the other (Figure 1). This drug is a
DNA-binding antitumor agent, which has been used clinically
in several cancer therapies and Paget’s disease (2–4). The
antitumor property of Mith is probably associated with its
inhibitory effects on replication and transcription of tumor
cells (5,6). Recently, Fibach et al. (7) revealed that Mith
could induce fetal hemoglobin production in normal and tha-
lassemic human erythroid precursor cells, and suggested that
Mith may be used as a therapeutic agent in certain neoplastic
diseases.
Previous optical spectroscopy and footprinting studies
revealed that Mith forms a dimer mediated by a single divalent
metal ion, such as Mg(II) and Zn(II), which binds to DNA
duplex around the GC-rich sequences that is at least 3 bp long
(8–11). The structures of the metal-coordinated Mith dimer
bound with DNA duplex have been analyzed using NMR by
Patel and Shafer groups (12–14) who proposed that the bind-
ing of Mith to DNA leads the local structure into A-DNA
conformation. Consequently, Mith may interfere with the tran-
scription of genes that bear GC-rich motifs in their promoters,
such as c-myc proto-oncogene (15).
Metal ions play an indispensable role in the actions of some
synthetic and natural metalloantibiotics, and are involved in
speciﬁc interactions of these antibiotics with biomolecules. A
number of anticancer drugs complexed with metal ion are
capable of inducing cancer cell death via DNA backbone
cleavage (7). Some of these drugs are believed to be activated
through a redox system, with the generation of hydroxyl free
radicals. For example, pepleomycin (PEP) and bleomycin
(BLM) belong to a class of important clinical anticancer
drugs that cleave DNA at GpT or GpC sites. DNA degradation
caused by PEP and BLM requires prior activation of the drug
with molecular oxygen and certain metals ions, such as Fe(II)
or Co(III). The close connection between DNA binding
(or DNA damage) and inhibition of cell proliferation
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doi:10.1093/nar/gki276has suggested that Fe(II)–drug complexes with strong
DNA-binding afﬁnity are useful in the inhibition of tumor
cell growth (7).
Mg(II)-coordinated Mith dimer was formed in the absence
of DNA at concentrations of Mg(II) in the high-mM range
(9). In addition to Mg(II), other divalent cations with radius
<0.85 s are candidates for promoting drug dimer formation as
well (8,16). In this study, we investigated the ability of Mith to
form a dimer complex in the presence of Fe(II) (and other
metal ions) and its DNA-interacting property. The cleavage
effects of the [(Mith)2–Fe(II)] complex on DNA and the integ-
rity and cellular permeation of the [(Mith)2–Fe(II)] complex in
cells were evaluated. Finally, the cytotoxicity of the stable
[(Mith)2–Fe(II)] complex toward cancer cell lines appeared
to be higher than the drug alone, making it possible for the
development of Fe(II) derivative of Mith as a potential target
in the future.
MATERIALS AND METHODS
The synthetic DNA oligonucleotides were puriﬁed using gel
electrophoresis. Mith was purchased from Sigma Chemical
Co. (St Louis, MO). Absorbance measurements were carried
out in a quartz cuvette using a Hitachi U-2000 spectrophot-
ometer. The concentrations of Mith were estimated using
extinction coefﬁcients of 10000 M
 1 cm
 1 at 400 nm. The
concentrations of oligonucleotides were determined accord-
ing to Beer’s law (A =e bc; where A is the optical density at
260 nm, e is the extinction coefﬁcient, b is the cell path length
(1 cm) and c is the DNA concentration).
Molecular modeling
Molecular modeling was carried out on a Silicon Graphics
workstation. Previous studies have shown that the Chro–
DNA and Mith–DNA complexes have global similarities, as
well as local differences (14,17). In addition, the coordination
geometry surrounding the metal ion has been deﬁned in the
crystal structure of the [(Chro)2–Mg(II)] complex bound to a
DNA duplex. In this study, we use the Chro–DNA duplex
crystal structure as a template to construct a plausible
Mith–DNA complex by using the molecular modeling
programs including Insight II and CNS. There are several
differences between Chro and Mith, including the functional
groups on sugar rings, sugar chirality and sugar–sugar lin-
kages. Based on the [(Mith)2–Mg(II)]-d(TGGCCA)2 NMR
structure, we modify the side chain of sugar, the A–B and
D–E sugar linkages, as well as in the chirality of the E
sugar of the initial model (14). Some distance restraints
between Mith and DNA, obtained from the [(Mith)2–
Mg(II)]-d(TGGCCA)2 NMR structure, were added to the
reﬁnement using the procedure implemented in CNS. The
DNA force-ﬁeld parameters of Parkinson et al. (18) were
used. The quality of the model geometry was evaluated by
r.m.s. derivation of bond length and bond angle.
CD experiments
The circular dichroism (CD) spectra were collected between
520 and 200 nm with bandwidth at 1 nm interval using a
JASCO-720 CD spectropolarimeter. All spectra were the aver-
age of ﬁve runs. Method of CD spectral analysis was described
previously (19). The data corresponding to the titration of
Mith with metal (II) (normalized intensity change at l275
versus metal concentrations) were ﬁtted using a non-linear
least squares plot. The evaluation of the dissociation equili-
brium constant (Kd) between Mith and Metal(II) is measured
as follows:
2Mith þ Metal II ðÞ $ Mith ðÞ 2   Metal II ðÞ :
At equilibrium, the law of mass action gives:
Kd ¼ Mith ½ 
2 Metal II ðÞ ½  = Mith ðÞ 2   Metal II ðÞ

: 1
Figure 1. Chemical structure of mithramycin (Mith).
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written as
I ¼ Imax ·2 Mith ðÞ 2   Metal II ðÞ

= Mith ½  0‚ 2
where [Mith]0 is the initial Mith concentration and Imax is the
maximum CD intensity change at l275 corresponding to 100%
of the complex in solution. At equilibrium, the concentrations
in molarity (M) of both Mith and metals in solution can be
expressed as:
Mith ½  ¼ Mith ½  0  2 Mith ðÞ 2  Metal II ðÞ

Metal ½  ¼ Metal ½  i   Mith ðÞ 2  Metal II ðÞ

‚ 3
where [Metal]i is the concentration of added metal ion(II) in
solution. Therefore, the unit of Kd is M
2.
SPR-binding analysis
The afﬁnity, association and dissociation between drug and
DNA duplexes were measured in a BIAcore 3000A surface
plasmon resonance (SPR) instrument (Pharmacia, Uppsala,
Sweden) with a SensorChip SA5 from Pharmacia by monitor-
ing the refractive index change of the sensor chip surface.
These changes are generally assumed to be proportional to
the mass of the molecules bound to the chip and recorded in
resonance unit (RU). The 50-biotin-labeled DNA hairpin,
biotin-d(TTGGCCAATGTTTGGCCAA), puriﬁed by PAGE,
was used in SPR (hairpin loop underlined). To control the
amount of the DNA bound to the SA chip surface, the bioti-
nated oligomer was immobilized manually onto the surface of
a streptavidin chip until 1000 RU was reached. The Fe(II)
derivative complex of Mith was prepared by the addition of
Mith and FeCl2 with a 2:1 ratio. Owing to the lower chelat-
ing afﬁnity between Mith and Mg(II), the Mg(II) derivative
complex of Mith was prepared by maintaining Mith in the
constant concentrationof20 mMMgCl2inthebindingprocess
of SPR experiment. According to the recommendation of
product information for SPR, the buffer (20 mM sodium-
cacodylate) used in CD studies was replaced by 30 mM
Tris–HCl buffered solution at pH 7.3 in the presence of
50 mM NaCl. Different concentrations of complexes were
passed over the chip surface for 180 s at a ﬂow rate of
10 ml min
 1 to reach the equilibrium, and kept one of the
ﬂow cells blank as a control. The blank buffer solution was
then passed over the chip to initiate the dissociation reaction
andthiswascontinuedfor300stocompletethereaction. After
300 s, the surface was recovered by washing with 10 mlo f
10 mM HCl. Analysis of SPR-binding constant was described
previously (19). Sensorgrams for the interactions between
hairpin DNA duplex and drug were analyzed using BIA eva-
luation software version 3.
Measurement of DNA strand breakage and cell culture
The measurement of DNA strand breakage was performed
according to the procedures reported previously with minor
modiﬁcations (20). Escherichia coli was transformed with
pET-21b and grown in Luria–Bertani medium. Plasmid
DNA was then puriﬁed using Qiagen plasmid puriﬁcation
kit. Reagents were added in the following order: sterilized
water, Mith (1, 10 and 50 mM), FeCl2 (10 mM), H2O2
(1 mM) and supercoiled plasmid DNA (3 mgm l
 1). Samples
were incubated at room temperature for 30 min before
electrophoresis in a 1% agarose gel at 3 V cm
 1 and stained
with ethidium bromide for analysis. The intensity of DNA
conformation was evaluated using ImageMaster (Pharmacia).
All cell lines were obtained from the American Type Culture
Collection (Rockville, MD). The human K562 erythroleuke-
mia cells were grown in RPMI-1640 medium supplemented
with 10% fetal bovine serum, glucose, L-glutamine and anti-
biotics. The other cell lines, including the human hepatoblas-
toma cell lines (HepG2 and Hep3B) and the human breast
cancer cell line (MCF-7), were grown in the DMEM contain-
ing the same supplements as those described for RPMI-1640.
All cells were maintained in a 5% CO2 atmosphere at 37 C.
Fluorescence studies for intracellular free Fe(II) and
visualization of drug localization within cells
The ﬂuorescence probe (Calcein-AM; Sigma) used for
intracellular-free Fe(II) detection was described previously
(21–23). The human erythroleukemia K562 cell lines were
loaded at a density of 5 · 10
6 cells ml
 1 with 0.2 mM
calcein-AM for 5 min at 37 C in RPMI medium without
serum, washed twice to remove excess calcein-AM by
phosphate-buffered saline (PBS) and ﬁnally, resuspended in
RPMI-1640 medium until use. Just prior to measurement,
1.5 ml calcein-loaded cell suspension was centrifuged, fol-
lowed by resuspension of cells in Tris-buffered salt solution,
which contained 1.5 ml of pre-warmed, 150 mM NaCl, 5 mM
KCl, 20 mM Tris and 5.5 mM glucose, adjusted to pH 7.3. The
cell suspension was transferred into a stirred, thermostated
cuvette at 37 C, and then ﬂuorescence measurement initiated.
Calcein ﬂuorescence (excitation at 488 nm; emission at
510 nm) was measured in a ﬂuorimeter equipped with a
temperature-controlled cuvette holder and magnetic stirrer.
Free Fe(II) contents were determined from the slopes of cal-
cein ﬂuorescence quenching traces. The K562 cells were incu-
bated in RPMI-1640 for 1 h with the complex prepared from
the 10 mM Mith in the presence of FeCl2 with the metal/drug
ratio of 2:1 for 4 h. Cells were then washed twice using PBS
for5mineach timeafter which the cellsonchamberslide were
visualized at green ﬂuorescence under a ﬂuorescence micro-
scope.
Cell viability assay
Cellular proliferations were evaluated using the WST-1 assay
kit(Roche,NJ). Theassayisbased onthe ability ofviablecells
to reduce soluble yellow tetrazolium salt to dark red formazan
crystals. The cells were seeded into 96-well plates. The drug
complex was dissolved in the medium described above and
added to the cell solutions covering a range of concentrations
(0–10 mM). After 24–48 h, 10 ml of WST-1 dye was added and
the plates were incubated in a moist chamber at 37 C for
another 3 h. Optical density was measured at 470 nm on an
ELISA reader. At least two independent measurements in each
experiment were performed.
RESULTS
Interactions of Mith with divalent metal ions
In order to characterize the conformational change of the
optically active Mith in the presence of divalent cations, the
shift was monitored using CD spectra. Figure 2A shows
1354 Nucleic Acids Research, 2005, Vol. 33, No. 4the CD spectra (520–220 nm) of Mith upon the addition of
Mg(II). These changes of CD spectra are associated with the
concomitant decreased positive and negative peak intensities
at 413 and 400 nm in the visible region, respectively. The
occurrence of two isobestic points at 285 and 402 nm remain-
ing basically unchanged demonstrates the presence of one-
mode conformation alternation of Mith by binding with
Mg(II). The feature in the 250–300 nm region arises from
absorption assigned to the aglycon chromophore ring of the
free Mith and is polarized along the long axis (24,25). How-
ever, the spectral changes were particularly pronounced in the
UV region, with decreased negative peak intensity at 300 nm,
with an ultimate inversion of the band in the 250–300 nm
region at high concentration of Mg(II) ion. This result
shows that the electronic transition of chromophore was
changed by metal ion and suggests that the metal ion may
coordinate with the oxygen atoms of the each chromophore
ring of Mith. These distinctive features of the CD spectra
owing to the chiral dimer formation of Mith are consistent
with the earlier reports using CD spectra (9,26).
The metal-binding cavity of the (Mith)2–metal ion complex
was shown to have well-deﬁned dimensions, accommodating
only cations of ionic radius <0.85 A ˚ (16). In this study, we
tested the binding of several metal ions with Mith. Figure 2B
shows the CD spectral changes of Mith upon the addition of
Fe(II) in addition to the changes of CD spectra with the con-
comitant decreased positive and negative peak intensities at
413 and 400 nm in the visible region, respectively. The posi-
tive peak at 450 nm and the negative peak at 300 nm have
obviously diminished and have inverted by the addition of
Fe(II). The inversion of the band at 275 nm region was
observed during the formation of the Mith–Fe(II) complex.
These features are similar to those from the titration of
Mg(II). A plot of the intensity of the signal at 275 nm against
the concentration of added Fe(II) showed that a plateau
Figure 2. CDspectraof(A)MithinthepresenceofMg(II)withconcentrations
varying from 0 to 8 mM at 25 C (bottom). CD spectra of (B) Mith in the
presence of Fe(II) with concentration varying from 0 to 0.1 mM (bottom) at
25 C.Thedrugconcentrationis40mM,bufferedby20mMsodium-cacodylate
at pH 7.3. The two isobestic points at 285 and 402 nm remain basically
unchangedbetweenthetwocomplexes’associationwithMg(II)andFe(II)ions.
Figure3.(A)CDtitrationofMithagainstFe(II)withnormalizedCDintensities
change at 275 nm versus molar equivalents of [Fe(II)–Mith] at 25 C. The drug
concentration is 40 mM, buffered by 20 mM sodium-cacodylate at pH 7.3. The
two dashed lines in the figure represent the initial binding curve of Fe(II) to
mithramycin and the one reaching the plateau. (B) Job-type titration plots for
Fe(II)–Mith in 20 mM sodium-cacodylate at pH 7.3 at 25 C. The total con-
centration of Mith and metal was set at 60 mM.
Nucleic Acids Research, 2005, Vol. 33, No. 4 1355was reached when  0.5 equivalent of Fe(II) had been added
(Figure 3A). In addition, Job-type titration for Fe(II) was also
performed at 275 nm using CD spectra at 25 C. The mole
fraction between Fe(II) and Mith was varied (i.e. 0.0–1.0 mol
equiv.). The data of Job-type titration plot showed a distinctive
maximum at 0.65 (mole fraction of Mith), conﬁrmingthe 2:1
stoichiometry (Figure 3B). These results demonstrate the for-
mation of the complex of Mith dimer chelated with Fe(II).
The changes in CD spectra between dimer and monomer of
Mith in the presence of several other metal ions, including
Zn(II), Co(II), Ni(II) and Mn(II), were also measured
(Supplementary Figure 1S). The features of the spectral
changes from monomer to dimer caused by some divalent
ions are also similar to those caused by Fe(II). The spectral
shape of the dimer complex contains an inversion of a band in
the 250–280 nm region compared with that of drug alone. A
previous study has shown that the dissociation equilibrium
constant (Kd) between Mith dimer and Mg(II) calculated by
absorption spectra was 3.96 · 10
 8 M
2 (26). In order to com-
pare the chelating speciﬁcity of various divalent metal ions
with Mith, we carried out titration studies using CD spectra
(metal concentrations versus normalized intensity change at
l275) and calculated the Kd of the formation of the drug dimer.
The isobestic points of CD spectra demonstrate the monomer–
dimer interconversion on Mith by binding with Metal(II) ion.
The distinctive feature of inversion of the band at 275 nm
servedasamarkerforthedimerformationofMithatdifferernt
concentration of Metal(II) ion. The evaluation of Kd between
Mith and Mith(II) was described in Materials and Methods. In
the present study, the Kd values of the [(Mith)2–Metal(II)]
complexes determined using CD spectra were 1.14 · 10
 8,
1.29 · 10
 8, 7.41 · 10
 10, 3.99 · 10
 9, 1.54 · 10
 10 and
5.03 · 10
 11 M
2 for Mg(II), Mn(II), Co(II), Zn(II), Ni(II) and
Fe(II), respectively. Here, our results show that Mith has
higher binding afﬁnity and speciﬁcity toward Fe(II) than
any other divalent ions tested here.
Interaction of the [(Mith)2–Fe(II)] complex to
d(TTGGCCAA)2
We characterized the structural effects of the [(Mith)2–Fe(II)]
complex on the conformation change of d(TTGGCCAA)2
DNA duplex using CD analyses. Figure 4A shows the CD
spectra of various species. The CD spectra of the [(Mith)2–
Fe(II)] complex exhibit negative and positive peak intensities
at 275 and 300 nm. In addition, the CD spectra of
d(TTGGCCAA)2 have a band with negative and positive
peaks around 250 and 280 nm, typical of B-DNA. These
results showed that the CD spectra of Mith and DNA signals
overlap in the 200–300 nm regions. In this study, we compare
the CD spectra of [(Mith)2–Fe(II)]-d(TTGGCCAA)2 complex
with the normalized sum of the CD spectra of the [(Mith)2–
Fe(II)]complexplusd(TTGGCCAA)2.TheinducedCD inten-
sity changes at 287 and 275 nm, resulting from a strong
exciton-type couplet, are used as evidence for the relative
binding afﬁnities of the [(Mith)2–Fe(II)] complex toward
this DNA oligomer duplex. In addition, the visible region
of CD spectra can also serve as gauges for the conformation
of Mith dimer complex. Our study has shown that the positive
peak at 450 nm was diminished by the addition of Fe(II)
without DNA duplex. However, the positive peak at 450 nm
appeared upon the addition of d(TTGGCCAA)2 (8).
Interaction of the [(Mith)2–Fe(II)] complex with
hairpin DNA using SPR
In order to study the effects of Fe(II) and Mg(II) on the binding
afﬁnity of DNA–Mith interaction, the maximum binding capa-
city (Rmax) (in RU) was measured using SPR in the presence of
Fe(II) and Mg(II). To ensure the formation of the DNA duplex
at ﬂowed SPR system, the biotin-labeled hairpin DNA duplex
providingoneMithDNA-bindingsite(GGCC) wasusedasthe
probe. In Figure 4B, the [(Mith)2–Fe(II)] complex appears to
Figure 4. (A) Comparison of the CD spectra of the [(Mith)2–Fe(II)] complex,
d(TTGGCCAA)2, [(Mith)2–Fe(II)]-d(TTGGCCAA)2 complex and the sum of
the CD spectra of [(Mith)2–Fe(II)] plus d(TTGGCCAA)2 in 20 mM sodium-
cacodylate buffer at pH 7.3 with 100 mM NaCl at 25 C. (B) Sensorgram of
Mith–DNA interaction between immobilized hairpin DNA duplex and the
target [(Mith)2–Fe(II)] and [(Mith)2–Mg(II)] complexes by subtracting the
reference of control. The concentration of each target is 10 mM, in 50 mM
NaCl,bufferedby30mMTris–HCl(pH7.3)at20 C.Thestart(A)andend(B)
point of the association and the start (C) and end (D) point of the dissociation
are indicated by arrows.
1356 Nucleic Acids Research, 2005, Vol. 33, No. 4be a better species than the [(Mith)2–Mg(II)] complex in terms
of the maximum binding capacity between drug and DNA
duplex ( 595 RU versus  345 RU). With the increase in
RU at the association phase (denoted A to B), the [(Mith)2–
Mg(II)] complex binds to DNA duplex more rapidly than
[(Mith)2–Fe(II)] and reaches a stable steady-state plateau.
However, at the dissociation phase, the reduction of RU
shows that the [(Mith)2–Fe(II)] complex dissociates from
DNA duplex more slowly as compared with the [(Mith)2-
Mg(II)] complex (denoted C to D). The kinetic experiments
were carried out by measuring the binding parameter between
the Mith and its target DNA duplex. The rate constants of
association (ka) and dissociation (kd), calculated according
to Materials and Methods section, are shown in Table 1.
The [(Mith)2–Fe(II)] complex binds to DNA duplex with
the lower ka and kd compared with the [(Mith)2–Mg(II)] com-
plex. So the stabilizing effect on the association and dissocia-
tion of DNA–Mith interaction is dependent on the type of
cations(II). According to the equilibrium constants data, the
Ka of [(Mith)2–Fe(II)] complex was elevated signiﬁcantly
(10-fold higher) than the [(Mith)2–Mg(II)] complex. Thus,
[(Mith)2–Fe(II)] interacts with DNA duplex with higher afﬁ-
nity than [(Mith)2–Mg(II)].
Effects of Mith on Fe(II)-mediated DNA cleavage
in plasmid DNA
DNA cleavage converts the supercoiled circular form of DNA
plasmid into relaxed open circular (OC) form and linear (L)
form. If one strand is cleaved, the supercoils will relax to
produce an OC form. If both strands are cleaved, L form
DNA will be generated and it migrates between the super-
coiled circular (SC) form and the OC form. In the plasmid
DNA integrity studies, we examined the effect of Mith
on Fe(II)-mediated DNA strand scission in plasmid DNA
(Figure 5). Untreated plasmid was observed on gels as a single
supercoiled (SC) DNA band. When plasmid DNA was treated
with Fe(II) and H2O2, SC DNA was partially converted into
the OC form. The redox-active [EDTA–Fe(II)] complex was
used as a control, owing to its well-characterized properties,
and the results are the same as the previous studies (20).
As shown in Figure 5, comparing with the control, at Mith/
iron ratios of 0.1, 1 and 5, Mith increased the band intensity of
the OC form DNA to 1.5-, 5- and 10-fold, respectively. The
Mith–Fe(II) complex seems to process DNA cleavage and the
SC plasmid appears to be converted into more OC form DNA
products through single strand cleavage events when the Mith/
Fe(II) ratio increased. In addition, a small amount of band
intensity of L form DNA was observed at Mith/iron ratios
of 1 and 5, suggesting that two nicked sites caused by the
Mith–Fe(II) complex in different DNA strands are very
close leading to the appearance of the L form DNA.
Assessing the chelating stability of Mith to
Fe(II) in K562 cells
We showed that Mith formed a stable dimeric complex with
Fe(II)atmicromolarconcentrationwith higherbindingafﬁnity
in buffer solution. In order to examine the chelating ability
of Mith with Fe(II) in cells, we have utilized a ﬂuorescence
sensor, calcein-AM, to probe the free Fe(II) contents in human
erythroleukemia K562 cells. As shown in Figure 6A, the ﬂuor-
escence of K562 cells loaded with calcein-AM showed a time-
dependentdecreaseuponexposureto20mMFe(II), suggesting
that this decrease reﬂects the interaction of Fe(II) with calcein.
This result showed that calcein ﬂuorescence probe is located
intracellularly and Fe(II) must cross the plasma membrane to
quench it. However, when the calcein-loaded K562 cells were
exposed to the [(Mith)2–Fe(II)] complex, the ﬂuorescent sig-
nalsremainunchanged.TheseresultssuggestthatMithchelate
with Fe(II) strongly in dimer forms, and they do not dissociate
to release free Fe(II) ion in cellular cytosol.
The cellular permeation of Mith complex was investigated
using ﬂuorescence microscopy. We treated K562 cells with
10 mM [(Mith)2–Fe(II)] complex. Figure 6B shows that the
Mith complex concentrates in the nuclear compartment rather
than the cytoplasm. These results provide strong evidence that
the complex is membrane permeable. Together, these results
indicate that the dimer complex maintains its chemical struc-
tural integrity and the Fe(II) ion cannot be released into cells.
Sensitivity of the [(Mith)2–Fe(II)] complex
treated cancer cell lines
The above results show that Fe(II) was capable of promoting
the dimer formation of Mith in solution and in cells very
effectively. In order to evaluate the cytotoxicity of the
dimer–Fe(II) complex, the ability of the [(Mith)2–Fe(II)] com-
plex to inhibit cellular proliferation was assessed in hepatoma
HepG2 and Hep3B cells by WST assay. The activity was
compared with Mith alone as controls.
Table 2 shows the IC50 values of HepG2 and Hep3B when
incubated with Mith at24 and 48 hin the absence and presence
of Fe(II) (5 mM). Cell growth was inhibited in both cell lines.
Hep3B cells appeared to be more sensitive to Mith, as
Table1.BindingparametersbetweenMithdimercomplexandhairpinDNAin
the presence of Mg(II) and Fe(II) determined by SPR
Dimer form ka (M
 1 s
 1)
a kd (s
 1)
a K
a (M
 1)
b
(Mith)2–Fe(II) 0.37 · 10
3 7.55 · 10
 4 4.9 · 10
5
(Mith)2–Mg(II) 1.6 · 10
3 2.86 · 10
 2 0.56 · 10
5
aTypical error for the ka and kd values are 20 and 10%, respectively.
bKa value obtained from ka divided by kd.
Figure5.TheeffectsofEDTAandMithonintegrityofthesupercoiledplasmid
DNA (pET-21b) when incubated in the presence of Fe(II) and hydrogen per-
oxide. The ratios of drugs versus Fe(II) are represented as 5·,1 · and 0.1· for
5:1, 1:1 and 1:10, respectively. The assays were carried out as described in
Materials and Methods.
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48 h with 10 mM FeCl2 alone did not visibly affect the cell
viability. However, Fe(II) was shown to potentiate the anti-
proliferation effects of Mith to HepG2 at 48 h with the IC50
value being 1 mM. These values are 10-fold better compared
with those of Mith treatment alone at 48 h. Moreover, Fe(II)
increased the cytotoxicity to Hep3B in response to Mith, visi-
ble even at 24 h (Supplementary Figure 2S). Hence, Fe(II)
enhanced the cytotoxic activity of Mith against HepG2 and
Hep3B cells through the formed dimer. We also tested the
cytotoxicity of the [(Mith)2–Fe(II)] complex toward other cell
lines. The viability of K562 erythroleukemia cells and MCF-7
breast cancer cells were assessed under the same conditions as
described for HepG2 and Hep3B cell lines. Table 2 shows the
IC50 values of K562 and MCF-7 cancer cells incubated with
Mith at 24 and 48 h in the absence and presence of Fe(II). Mith
in the presence of Fe(II) was shown to be more active to K562
cells with IC50 values being 5 and 0.1 mM at 24 and 48 h,
respectively, than Mith alone. Although no signiﬁcant effect
after either 24 h or 48 h exposure was seen in MCF-7 cancer
cells, the [(Mith)2–Fe(II)] complex maintained its cytotoxicity
comparable to free Mith.
DISCUSSION
Although most antibiotics do not need metal ions for their
biological activity, some, such as BLM, PEP and Mith, require
metal ion to function properly. The coordinated metal ions
play an important role in maintaining the proper structure or
function of those antibiotics. Recently, the use of the aureolic
family drugs is re-emerging (27,28). Mith has been adminis-
tered clinically as free compound without other additive such
as metal ions. This drug is believed to act by binding to DNA,
which requires a metal-chelated form of dimeric drug
complex.
Earlier studiesfocusedonthe interactions betweenMithand
Mg(II), which form two types of complexes with different
stoichiometries and formation constants depending upon the
concentration of Mg(II) (8,26). Recently, the dimer structure
of Chro (a Mith analog) without DNA has been solved and
showed that Metal(II) adopts an octahedral coordination by
binding to O1 and O9 atoms of two independent chromophore
and two water (Supplementary Figure 3S) (A.H.-J. Wang,
H. Robinson, Y.G. Gao and M.-H. Hou, unpublished data).
Mutual stacking of the aromatic ring of the chromophore of
one monomer with the C–D glycosidic linkage of the other
monomer provides stability for dimer formation. Here, our
results showed that Mith was converted into a dimer in the
presence of Fe(II) at near stoichiometry 2:1 ratio between the
drugs and Fe(II) even at micromolar concentration using CD
titration studies. In addition to CD spectra, Job-type titration
plot of absorption spectra also conﬁrm the 2:1 stoichiometry
between Mith and Fe(II) (Supplementary Figure 4S). The
stoichiometry of the Mith–Fe(II) complex is similar to
some speciﬁc iron chelators commonly used in cancer therapy
(29,30). Previous NMR and spectroscopic studies have shown
that Mith appeared to have metal cation selectivity (13). For
example, Demicheli et al. (31) have shown that Zn(II) is more
efﬁcient than Mg(II) in promoting dimer formation of Mith.
Moreover, the metal binding cavity was shown to have well-
deﬁned dimensions accommodating only divalent cations of
ionic radius <0.85 A ˚ (16). The radius of Fe(II) is 0.76 A ˚,
fulﬁlling this requirement. Mith has a much higher afﬁnity
toward Fe(II) than any other metals, such as Mg(II), Co(II),
Mn(II), Ni(II) and Zn(II). Furthermore, the conformation of
Mith dimer chelated with Fe(II) is similar to that of Mith
dimer chelated with Mg(II).
In order to examine the chelating ability of Mith with Fe(II)
in cells, we have utilized a ﬂuorescence sensor, calcein, which
can be easily loaded into cells to probe the integrity for the
[(Mith)2–Fe(II)] complex. Some of the calceins bind intracel-
lular iron, yielding the ﬂuorescence-quenched calcein–Fe(II).
Table 2. IC50 (mM) of Mith and the (Mith)2–Fe(II) complex in various cancer
cell lines at 24 and 48 h
Cell line type Mith (Mith)2–Fe(II)
24 h 48 h 24 h 48 h
HepG2 >10 10 (–2) >10 1 (–0.2)
Hep3B 1 (–0.2) 0.1 (–0.02) 0.4 (–0.1) 0.1 (–0.03)
K562 >10 0.3 (–0.1) 5 (–0.3) 0.1 (–0.05)
MCF-7 >10 0.4 (–0.1) >10 0.35 (–0.1)
IC50 indicates 50% inhibitory concentration.
Figure 6. (A) The effect ofthe [(Mith)2–Fe(II)]complexon calcein-detectable
cellular Fe(II) content. The fluorescence of calcein-loaded K562 cells were
treated with two different compounds as denoted by arrows, including 30 mM
FeCl2(control),and10mM[(Mith)2–Fe(II)]complex,bufferedbyPBSbufferat
pH 7.3. (B) Subcellular locations of the [(Mith)2–Fe(II)] complex are detected
by phase contrast (left) and fluorescence (right) microscope. The location of
cell nucleus was indicated by arrows.
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on-line tracing of cytosolic iron levels in living cells, used
for the monitoring of iron transport, chelator action or intra-
cellular release or sequestration of iron under a variety of
experimental conditions (32,33). Interestingly, our studies
showed that the ﬂuorescence intensity of calcein remains con-
stantwhiletreatingwiththe[(Mith)2–Fe(II)]complex,showing
that the [(Mith)2–Fe(II)] complex did not dissociate to release
free Fe(II) ion and form calcein–Fe(II), and this complex
remained dimeric conformation in cellular cytosol. Addition-
ally, visualization of [(Mith)2–Fe(II)] by ﬂuorescence micro-
scopy shows that this dimer complex is capable of traversing
the cytoplasmic membrane and accumulating inside of cells.
CD analysis, a good indicator for DNA conformational
change, has been used to measure the conformation change
during the [(Mith)2–Fe(II)] complex binding (34). The CD
intensities in 287 and 275 nm (UV region) are induced by
the binding of [(Mith)2–Fe(II)] complex toward this DNA
oligomer duplex, and the characteristic feature of CD spectra
resembles to that of the [(Mith)2–Mg(II)] complex in the pre-
sence of DNA duplex. According to this result, no signiﬁcant
difference was observed in DNA conformation change by
binding with Mith dimer chelated with Fe(II) or Mg(II).
Although the solution structures of the Metal(II)-coord-
inated Mith–DNA complex have been analyzed using NMR
spectroscopy (12–14), the precise coordination geometry
Figure7.(A)Thedrawingsofthemetal(II)-coordinated[Mith-(TTGGCCAA)]2modelviewedfromtheminorgroove(left)andbackbonedirection,Mithcontaining
chromophore (yellow) and saccharide (green) in ball and stick, and DNA in skeletal line drawing. (B) Surface representation of the metal(II)-coordinated [Mith-
(TTGGCCAA)]2modelshownwithDNAelectrostaticpotentialsviewedfromtheminorgroove(left)andbackbone(right).Themetal(II)andwatersaredepictedin
pink and blue, respectively.
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coordination geometry surrounding the metal ion was unequi-
vocally deﬁned in our X-ray crystallographic studies of the
[(Chro)2–Mg(II)]complexboundtoaDNAduplex(17).Inthis
study, we propose a model of Mith bound to d(TTGGCCAA)2
duplex. Basically, the NMR structure of Mith bound to
d(TGGCCA)2 duplex and the model of Mith bound to
d(TTGGCCAA)2 duplex show global similarities and local
differences. The model reveals the octahedral coordination
around the metal ion which binds to O1 and O9 atoms
of the two chromophores and two water molecules act as
the ﬁfth and sixth ligands (Figure 7A and B). This is different
from that of the NMR structure, which showed a tetrahedral
coordination geometry around the metal ion.
The binding constants between Mith and DNA have been
measured previously (8,35). Aich and Dasgupta (8) have
shown that the association equilibrium constant (Ka)o f
Mith bound to calf thymus DNA is  1.15 · 10
5 M
 1 in
the presence of Mg(II). The recent development of biosensor
technologies for biospeciﬁc interaction analysis enables mon-
itoring of a variety of molecular reactions in real-time using
SPR (36,37). In this study, we demonstrate that molecular
interactions between DNA-binding drug (Mith) and biotiny-
lated target DNA probes immobilized on sensor chips is
detectable by SPR technology using a commercially available
biosensor. In principle, the self-complementary
d(TTGGCCAA) provides one DNA-binding site for Mith
according to our CD and modeling study. Considering the
low stability and dissociation character of oligonucleotide
duplex (octamer) at ﬂowed SPR system, the part of loop
(TGT) in hairpin DNA was used to ensure the formation of
the self-complementary d(TTGGCCAA) duplex in binding
and regeneration process. The analysis of the kinetic para-
meters reveals marked differences between the [(Mith)2–
Fe(II)] and [(Mith)2–Mg(II)] complex interacting with DNA
duplex. Not only the [(Mith)2–Fe(II)] complex exhibits the
slower rates of association and dissociation, but also the bind-
ing afﬁnity of [(Mith)2–Fe(II)] interacting with the DNA
duplex is 10 times higher than that of [(Mith)2–Mg(II)].
Some metal ions and complexes can undergo one-electron
redox reactions (such as copper, iron or manganese) producing
reactive oxygen species, the latter then damage DNA, fre-
quently yielding strand breaks (38). In this study, our results
proposed that the [(Mith)2–Fe(II)] complex promotes one-
strand DNA scission DNA by producing reactive hydroxyl
radicals in the presence of H2O2 (Figure 5). However, the
mechanism remains to be elucidated. It would be interesting
to study the DNA cleavage mechanism of the [(Mith)2–Fe(II)]
complex in the future. The preferred binding sites for mithra-
mycin on different DNA fragments have been investigated by
DNAase footprinting assay (11,39). Previous studies showed
that Mith is a well-known GC-rich DNA-binding drug, sug-
gesting that the [(Mith)2–Fe(II)] complex may have GC
cleavage speciﬁcity.
In the early studies, complexes of the structurally related
DNA-binding anticancer antibiotics with metals have been
tested in order to amplify their potential in cancer therapy
by Fiallo et al. (40). For example, doxorubicin, one of the
best known anticancer drugs, has been tested regarding its
mode of complexation with a number of metal ions such as
Pt(II),Fe(III)andCu(II)onthe effects oftumorcells (41). This
studyhasidentiﬁedthatthecoordinationofMithwithFe(II)ion
could enhance the cytotoxicity of the drug against some cancer
cell lines and suggested a new anticancer mechanism of Mith.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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